Introduction
In the typical hilly region of Uttaranchal, India, about 90% of the area is rainfed with very low productivity. Soybeanwheat system is one of the profitable cropping systems in this region (Kundu et al. 1990 ). The production of this cropping system, however, remained stagnant even after the introduction of high-yielding cultivars. The depletion of soil nutrients and low, nonjudicious use of nutrients might be the possible causes of such plateau in yield (Ghosh et al. unpublished data) . Application of nutrients through organic and inorganic sources, therefore, will be essential to improve and sustain crop yields and maintain soil fertility. But imbalanced application of nutrients leads to loss of productivity arising from the soil exhaustion of certain primary and secondary nutrients (Bhandari et al. 2002; Yadvinder-Singh et al. 2004) .
Maintenance of soil organic C (SOC) is considered essential for long-term sustainable agriculture because declining SOC levels in soil generally leads to decrease in productivity. Several long-term experiments (LTEs) conducted in South Asia showed yield trends and build ups of SOC with varying degree in all treatments, which received external application of farmyard manure (FYM), while in some locations, application of inorganic NPK showed marginal build up of SOC (Nambiar 1994; Ladha et al. 2003) . However, most studies were restricted under irrigated rice-wheat systems. Relatively limited information is available concerning yield and soil chemical properties under long-term rainfed condition of the Indian Himalayas in a soybean-wheat rotation. The objectives of the present LTE were to examine the impacts of the continuous use of inorganic fertilizers with and without FYM on yield trends, nutrient balances, and soil fertility of soybean-wheat rotation under rainfed conditions in the midhills of the Indian Himalayas.
Materials and methods

Experimental site
A long-term field experiment was initiated in June 1973 on Typic Haplaquept at the experimental farm of Vivekananda Institute of Hill Agriculture, located in the NW Himalayan region at Hawalbagh (29°36′ N and 79°40′ E, 1,250 m above mean sea level) in the state of Uttaranchal, India. Soil characteristics based on analysis of soil samples taken in 1973 are given in Table 1 . The climate of the midhill region of Uttaranchal is subtemperate, characterized by moderate summer (May-June), a spell of chilling winter (December-January), and general dryness, except during the south-west monsoon season during June to September. The mean annual rainfall of the 30 years of crop growth period was 1,042 mm. Based on the records for the period 1973-2003, it was observed that the average kharif (rainy) season (June to September) rainfall was 704 mm (68% of the average annual rainfall). During soybean growing period (June to September), the average monthly rainfall during June, July, August, and September were 146, 257, 187, and 119 mm, respectively. Meanwhile, during the wheat growing period (October to April), the average monthly rainfall during October, November, December, January, February, March, and April were 27, 6, 28, 53, 56, 48 , and 42 mm, respectively. The mean monthly temperature ranges from a minimum of 0.4°C in January to a maximum of 31.5°C in May. The field was newly reclaimed for cultivation in 1973. Before, that the field was a native grassland, which was yearly cut or grazed.
Experimental design and treatments
The experiment included two crops per year, soybean (June-September) and wheat (October-April) with six treatments, viz, no fertilizer and manure (unfertilized control); 20 kg ha −1 of N + 35.2 kg ha −1 of P (NP); 20 kg ha −1 of N + 33.2 kg ha −1 of K (NK); 20 kg ha −1 of N + 35.2 kg ha −1 of P + 33.2 kg ha −1 of K (NPK), 20 kg ha −1 of N + FYM at 10 Mg ha −1 (N + FYM); and NPK + FYM at 10 Mg ha −1 (NPK + FYM). Treatment N + FYM is commonly used by the local farmers. The treatments were distributed in a randomized block design with six replications over three uniformly leveled terraces. The net plot size was 5.4×2.0 m. Fertilizers used were urea for N, single super phosphate for P, and KCl for K. Based on the chemical analysis every fifth year, FYM had 320 to 331 g kg −1 of moisture and contained 231 to 236 g kg −1 of C, 7.1 to 7.5 g kg −1 of N, 2.1 to 2.4 g kg −1 of P, and 5.3 to 5.8 g kg −1 of K on oven-dry weight basis.
Crop management
The required doses of FYM and fertilizers were given to soybean crop every year. FYM was applied at 10 Mg ha −1 on a fresh weight basis before sowing of soybean crop. Soybean (80 kg ha −1 of seeds) was sown in the second week of June each year. Before seeding, the land was tilled two times with a spade up to a depth of 15 cm. Soybean cultivar "Bragg" was used from 1973-1998 and thereafter, it was replaced with VLS 2. The seeds were manually sown in rows 40 cm apart at a depth of 4 to 5 cm. After seeding, a light roller was dragged to cover the seeds. Full doses of N, P, and K were incorporated before sowing. Propanil (3, 3, 4-dichloro-propionanilide) was sprayed 2 days after sowing at the rate of 1.5 kg ha −1 of active ingredients in all the plots to control weeds. Hand weeding was also done to manage the weeds and plant protection measures were applied as needed to control the diseases and pests. Crops were harvested manually 5 cm above the ground at physiological maturity in the first week of October using sickles and aboveground biomass was removed from the field. Grain yield was adjusted to 90 g kg −1 of water for soybean.
After soybean harvest, wheat was sown in the second week of October each year. Wheat (cultivar Sonalika from 1973 -1974 -1989 , VL 421 from 1989 -1990 and 1998 , and VL 616 from 1999 -2000 -2003 was sown by hand (100 kg ha −1 of seeds) in rows 22.5 cm apart to a depth of about 5 to 6 cm. Other field operations were as with the soybean crop. Wheat was harvested at The soil samples were randomly taken form three locations in each plot within the 0-15, 15-30, and 30-45 cm soil depths using a 5-cm diameter soil auger. The samples were thoroughly mixed, air dried, crushed to pass through a 2-mm sieve, and stored in sealed plastic jars for analysis. Representative subsamples were drawn to determine total C and N using a CHN analyzer (FOSS Heraeus CHNORapid) following a dry combustion method and to determine oxidizable SOC by alkaline potassium permanganate method (Walkley and Black 1934) . Total P was determined as updated by Olsen and Sommers (1982) , available P was determined spectrophotometrically on soil extracted with 0.5 N NaHCO 3 at pH 8.5 (Olsen et al. 1954) , nonexchangeable K as updated by Wood and DeTurk (1940) , and available K was determined by 1 N NH 4 OAc (pH 7.0) using a flame photometer (Standford and English 1949) . For total C and N, soil samples were ground to pass through a 0.2-mm sieve. At maturity, samples of soybean, wheat grain, and straw were collected from each plot; oven dried at 65°C to constant weight; and ground to pass through a 0.5-mm sieve for chemical analysis. The samples were digested in a mixture of HNO 3 and HClO 4 (3:1). Concentrations of P and K in the digested samples were estimated by the ammonium molybdate (Olsen and Sommers 1982) and by flame photometry methods, respectively.
Calculation and statistical analyses Apparent P and K budgets were estimated for the last 8 years (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) of the experiment for all the treatments considering different inputs and outputs measured during either the present study or other studies using the method given by Bhandari et al. (2002) . P balance ¼ X ðFertilizer P; manure P; rain P; P in seedsÞ ÀPlant P P uptake in grain and straw ð Þ 
Among inputs, P and K contents in mineral fertilizer and FYM were measured in the present study. P and K contributions of 0.2 and 5.0 kg ha −1 year −1 with rainwater were based on the data reported by Mishra (1980) for Pantnagar, India (29°N and 79°5′ E and altitude of 244 m above mean sea level). The quantities of P and K added to the soil were 4.5 and 16.6 g kg −1 year −1 with soybean seeds (80 kg ha
) and 3.6 and 4.0 g kg −1 year −1 with wheat seeds (120 kg ha −1 ), respectively (Mishra 1980 ). Plant uptake of P and K was estimated as per conventional method (yield×concentration). It was assumed that there would be no loss of P through leaching or otherwise from the soil system. Annual leaching loss of K was taken to be 150 g kg −1 of K input (Smaling and Fersco 1993) . Simple linear regression analyses of grain yields across years were performed to determine yield trends (slopes). The P values on the slope indicate the level of significance of the observed yield changes. Low wheat yields in 1977 and 1984, associated with very low winter rainfall, were not considered for the trend analysis. Linear regression analysis was also performed to determine the relationship between initial soybean and wheat yields and yield decline (for first four treatments) across the 30-year period. Analysis of variance across years (Gomez and Gomez 1984) was done to determine the effects of treatment, year, and their interaction on yield using IRRISTAT version 92 (International Rice Research Institute, Philippines). Treatment means were compared at the 5% level of significance using least significant difference (LSD).
Results and discussion
Yields of soybean and wheat
Analysis of variance over 30 years showed significant year×treatment interactions in both soybean and wheat yields (Table 2) . However, all the fertilized treatments significantly (P<0.05) improved soybean yields relative to unfertilized control. Wheat yields were significantly affected by residual effect of the treatments. The mean yield of soybean and wheat observed under unfertilized control treatment suggests that the soil of our experimental field is capable of supporting average yield of soybean and wheat to the tune of 0.56 and 0.71 Mg ha , respectively. The yield data obtained over the period (Table 2) clearly demonstrate the superiority of the integrated use of FYM and chemical fertilizers, which provided greater stability in crop production in comparison to NPK treatment. The beneficial effect of integrated use of NPK and FYM was more pronounced and effective in enhancing the productivity with the advancement of year of cultivation. Even continuous application of 10 Mg of FYM in conjunction with 20 kg ha −1 of N (N + FYM treatment), which is being commonly practiced by the hill farmers, was able to maintain higher yield of soybean and wheat by 63.7 and 42.6%, respectively, over the mean yields of the respective crops observed under NPK treatment. The effect was more pronounced in NPK + FYM treatment than N + FYM treatment.
Again, due to the residual effect of FYM, the productivity of succeeding wheat crop was also enhanced by 42.6 and 71.2% in N + FYM and NPK + FYM treatments, respectively, over NPK treatment. This could be associated with other benefits of organics apart from N, P, and K supply, such as improvements in microbial activities; better supply of macro-and micronutrients such as S, Zn, Cu, and B, which are not supplied by inorganic fertilizers; and less losses of nutrients from the soil (Abrol et al. 1997; Yadav et al. 2000) . The higher wheat yields obtained on FYMamended plots were possibly caused by the better supply pattern of N, P, and K and improved soil physical conditions (Yadvinder- Singh et al. 2004) . Yadvinder-Singh et al. (1995) reported that FYM applied to rice showed residual effects in the next wheat crop. But under rainfed LTE, observed residual effects of FYM (applied to soybean crop) in the wheat crop have rarely been found previously.
Grain yields of soybean and wheat fluctuated over the years. Changes in rainfall during the crop growth period might have caused yield fluctuations. Soybean yields of the unfertilized and the inorganic fertilizer treatments decreased with time during the study period ( Table 2 ). The rate of decline was the lowest in the NK treatment (Fig. 1) . However, yields increased over the years in the plots under N + FYM and NPK + FYM treatments at 0.019 and 0.018 Mg ha
, respectively. The decline in soybean yields in the unfertilized and inorganic fertilizer treatments was correlated with initial yields (Fig. 2) . As the SOC and total N concentrations increased in all the treatments (data discussed in the following sections), factors other than those, therefore, appeared to be limiting soybean yields. The decline in soybean yields was explained by decline in available K in the plots under unfertilized control, NP, and NPK treatments and decline in Olsen P in the plots under unfertilized control and NK treatments as discussed in the following sections. In a rice-wheat LTE in the IndoGangetic plains of Nepal, Regmi et al. (2002) also observed a gradual decline in soil K resulting in a yield decline.
Wheat yields were stable as no significant declining trends were noted (Fig. 1, Table 2 ). Yadvinder- Singh et al. (2004) also observed stable wheat yields after using suboptimal N rate to the crop.
Apparent nutrient balance
Based on the average annual P and K inputs (through fertilizer and FYM) and average annual P removed by the crop for the last 8 years, balance sheets were prepared (Table 3 ). It was observed that the soils under the unfertilized control, NK, and N + FYM treatments suffered a net annual loss of 4.0, 4.1, and 9.0 kg ha −1 of P, respectively, whereas the soils under NP, NPK, and NPK + FYM had net annual gains of 26.5, 19.9, and 20.2 kg ha −1 of P, respectively. In plots under N + FYM and NPK + FYM, total P uptake by soybean and wheat crops increased by 57.7 and 93.8% over that under NPK-treated plots (16.1 kg ha −1 year −1 of P). Out of the average annual P removed by the last eight cropping cycles, 52.4, 70.0, and 60.9% of the P was removed by soybean crop in the plots under NPK, N + FYM, and NPK + FYM treatments, respectively. Gami et al. (2001) also observed a positive P balance in fertilizer P-amended plots after 20 years of ricewheat cropping.
It can be inferred that mean annual removal of K by the crops surpassed the amount of annual K applied to the soil in all the treatments (Table 3) , thus, showing a net negative K balance ranging from 2.9 kg ha −1 year −1 in NK to 81.5 kg . These results are in conformity with those observed under other LTEs (Blake et al. 1999; Singh et al. 2002a,b) . Negative K balances are attributed to labile K either leached from the plough layer or being fixed in less readily available form. Results of several other LTEs showed that considerable amounts of K have either leached out of or were fixed in the soil layers (Srinivasa-Rao et al. 1999; Singh et al. 2002a ).
Soil fertility parameters
Organic carbon
Total and oxidizable SOC content decreased with depth irrespective of the treatments (Table 4) . A similar trend in SOC content with soil depth was reported by Stevenson (1982) . SOC status increased in all the fertilized plots. At the end of 30 years, soils under NPK and NPK + FYM treatments contained higher SOC by 38 and 89% in the 0-45 cm soil layer, respectively, over that of the initial status. The annual rate of increase in SOC content over initial condition was 74, 328, 711, and 900 kg ha −1 for the unfertilized plots. Thus, overall gain in SOC in 0-45 cm of soil layer in the plots under NPK + FYM treatment compared to NPK-treated plots was 498 kg ha −1 year −1 of C. The higher concentration of C in the fertilizer + FYMtreated plots was a result of increased yields of roots and plant residues and the application of organic C through FYM . Considerably higher build up of total and oxidizable SOC in NPK + FYM-treated plots compared to the plots under N + FYM indicated the beneficial effect of balanced fertilization in improving SOC status of the soil. The benefits of sequestering C to sustain crop productivity by applying organic amendments were well-documented (Aulakh et al. 2001) . SOC concentrations marginally improved from the start of the experiment in the unfertilized plots due to the addition of C to the roots and crop residues , higher humification rate constant, and lower decay rate. After 27 crop cycles, Kundu et al. (2002) observed that 26% of the added biomass C was annually humified in the soil to contribute toward the increase in SOC content, C loss from the native soil organic matter averaged 36 kg ha −1 year −1 , and the decay rate was 0.11% of the initial SOC content.
Total nitrogen
Depth-wise distribution of total N in soil showed that there was significant improvement in total N content over that of initial soil at all the soil depths (Table 5) . At the end of 30 years, soils under NPK-and NPK + FYM-treated plots contained higher total N by 31 and 58% in 0-45 cm of soil layer, respectively, over that of the initial soil. The build-up of total N in the soil profile (0-45 cm) ranged from 262 kg ha −1 in the unfertilized plots to 1,480 kg ha −1 in the NPK + FYM-treated plots (Table 5 ). The maximum N content was observed in the soil profile under NPK + FYM treatment (2 g kg −1
). The C:N under chemically fertilized plots showed a marked reduction, while there was an increase in the C:N in the FYM-amended plots.
The positive balance of total soil N could be attributed to positive balance of total SOC and low rate of mineralization under subtemperate climatic conditions. FYM is known to stimulate biological N 2 fixation in the soil, which may have been responsible for the increase in total soil N (Ladha and Kundu 1997) in the FYM-treated plots over that under NPK-treated ones, apart from FYM's own N contribution. Again, lower losses of N in the FYMamended plots due to slow release of N from FYM might also be responsible for the increase in total soil N (Bhandari et al. 2002; Yadav et al. 2000; Gami et al. 2001) .
Total and available phosphorus
The status of total P content showed that there was net depletion of total P in the treatments, which did not receive any P dressing as fertilizer (Table 6 ). In contrast, marked build-ups of total P were observed in all the treatments, which received continuous annual dressing of 35.0 kg ha −1 of P as fertilizer. In NP-and NPK-treated plots, the buildups of total P were 276 and 120 kg ha ). About 15.4 kg ha −1 of P was annually supplied to the soil through FYM apart from fertilizer P in the plots under NPK + FYM and possibly because of that reason, the gain of total P in soil profile was the highest.
In the plots under unfertilized control and NK treatments, the depletion of Olsen P from its initial value was observed throughout the profile depth (0-45 cm) and the extent of depletion ranged from 24 kg ha −1 in the plots under NK to 26 kg ha −1 in unfertilized control (Table 6 ). Both NP-and NPK-treated plots showed marginal gain in Olsen P in the soil profiles despite annual dressing of fertilizer P at 35.0 kg ha −1
. Maximum build-up of Olsen P was observed under NPK + FYM-treated plots (32 kg ha −1 ). Results showed that combined application of FYM and phosphatic fertilizer was very congenial for retaining and maintaining higher P in soil. The application of FYM increased Olsen P because of its P content and possibly by reducing precipitation as Ca phosphate (Gupta et al. 1988) . Although the Olsen P balance at 0-45 cm of soil depth in NPK + FYM-treated plots was highly positive, the same in N + FYM treatment was marginally positive. This might be due to the fact that the major P fraction added through FYM is in the organic pool, which mineralized slowly with time, apart from the fact that in the later treatment, no mineral P was added (Yadvinder-Singh et al. 2004 ).
Nonexchangeable and available potassium
Nonexchangeable K content showed considerable depletion throughout the soil profile after 30 crop cycles under all the treatments (Table 7) . The results thus showed that soil profiles were in net loss of nonexchangeable K, ranging from 172 kg ha −1 under treatment NK to a maximum of 960 kg ha −1 under N + FYM. Considerable mining of K by crops from the deeper soil depth (30-45 cm) was observed in all the treatments, ranging from 108 kg ha −1 in treatment NK to 316 kg ha −1 in N + FYM treatment. Available K content in the soil after 30 crop cycles showed differential changes depending on the yield responses to added fertilizers (Table 7 ). Significant depletion of available K in 0-45 cm of soil layer was observed in the plots under unfertilized control (142 kg ha The greater cumulative depletion (0-45 cm) in nonexchangeable K may be due to the increased release rate and increase in concentration of K, in solution and exchangeable form, in the presence of organic matter (Singh et al. 2002b ). Depletion of nonexchangeable K was not truly reflected by the soil-test values of available K. For example, the surface soil layer under treatment NPK + FYM showed a build-up of available K in spite of net depletion of nonexchangeable K. Furthermore, in the plots under N + FYM treatment, the available K content in the surface layer increased after 30 crop cycles despite maximum depletion of nonexchangeable K.
Available K content in soil decreased significantly in soils that received continuous NPK fertilizers over 30 years, suggesting that current dose of K application was not sufficient to sustain soil K fertility under soybean-wheat system where crop residues, particularly wheat straw, were removed from the fields. Studies showed that in rice-wheat rotation, wheat straw incorporation helped in increasing the initial contents of available K in the soil (Prasad et al. 1999) . The application of FYM resulted in increase in the available K due to higher release of nonexchangeable K from the soils (Bhattacharyya et al., unpublished data). Build-up of available K in subsurface soil layers in NKtreated soils showed a downward movement of applied K in the soil profile, indicating its susceptibility to leaching (Singh and Sekhon 1997) . In contrast, NPK + FYM treated plots showed a build-up of available K mostly in surface layer, possibly because of the specific role played by the FYM in restricting the downward mobility of the accumulated K. The reason could probably be attributed to the fact that continuous addition of FYM led to the attraction of K due to an increase in the proportion of K-specific internal to K-nonspecific external exchange sites and overall buildup in surface charge density of the soil (Poonia et al. 1986; Mehta et al. 1988 ).
Conclusions
Yields of soybean under the long-term (30 years) experiment at Almora, Uttaranchal, India, declined with the application of recommended doses of N, P, and K. The gradual depletion of one or more nutrients may have collectively contributed to the yield decline in unfertilized control and fertilizer treatments. It was found out that combined application of recommended doses of NPK and 10 Mg ha −1 of FYM to soybean and growing wheat on residual fertility is a better nutrient management option for sustained productivity of both the crops. The mean yield of soybean in the plots under NPK + FYM treatment was 98.7% higher than that observed under NPK treatment (1.43 Mg ha
−1
). The residual effect of NPK + FYM treatment was also considerable, resulting in 71.2% increase in wheat yield over that observed under NPK treatment (1.10 Mg ha
). The results clearly reveal that current fertilizer recommendations are inadequate in the long run and application of FYM appeared to be important in this experiment. Addition of FYM with NPK fertilizers increased total soil C, N, and P by 37.8, 20.8, and 30.2%, respectively, over the treatment with NPK alone.
We understand that depletion of nonexchangeable and available K and Olsen P are most likely the main factors of yield decline in this study, along with the fluctuations of rainfall during the crop growth period. In NPK + FYMtreated plots, though available K supply could be maintained from the nonexchangeable soil pool, the process will ultimately cause negative K balance and yield decline because the reduced K supply will be pronounced with time. So for sustained productivity of both the crops and maintaining soil K, attention must be given to revise K recommendations before it is too late to restore the depletion. If the similar depletion of available K in the farmer's field occurs, the sustainability of this cropping system will be threatened. Replenishment of K can be difficult as farmers lack knowledge about the soil supplying capacity (Bhandari et al. 2002) and beneficial effects of K or face credit constraints when attempting to purchase K fertilizers. So a fertilizer management strategy is needed to ensure high and stable overall productivity and regular monitoring of rainfall data would help in predicting problems in achieving high yields in this rainfed soybeanwheat cropping.
